Abstract. We present a compact and versatile cryofocusing-thermodesorption unit, which we 9 developed for quantitative analysis of halogenated trace gases in ambient air. Possible appli-10 cations include aircraft-based in-situ measurements, in-situ monitoring and laboratory opera-11 tion for the preconcentration of analytes from flask samples. Analytes are trapped on adsorp-12 tive material cooled by a Stirling cooler to low temperatures (e.g. −80 °C) and desorbed sub-13 sequently by rapid heating of the adsorptive material (e.g. +200 °C). The setup neither in-14 volves exchange of adsorption tubes nor any further condensation or refocusation steps. No 15 moving parts are used that would require vacuum insulation. This allows a simple and robust 16 single-stage design. Reliable operation is ensured by the Stirling cooler, which does not re-17 quire refilling of a liquid refrigerant while allowing significantly lower adsorption tempera-18 tures compared to commonly used Peltier elements. We use gas chromatography -mass spec-19 trometry for separation and detection of the preconcentrated analytes after splitless injection. 20
Heat that is removed from the coldhead by the Stirling cooler has to be released to the sur-23 rounding air; either directly by an air-fin heat rejection or indirectly by a water coolant system 24 mounted to the cooler's warm side. The cooler should maintain a defined adsorption tempera-25 ture T A of the sample loop over the series of measurements. However, during thermodesorp-26 tion, a certain amount of heat is transferred to the coldhead as the sample loop is kept directly 27 inside with only a small amount of insulation. Excess heat has to be removed by the Stirling 28 cooler to regain T A for the preconcentration of the next sample. The preconcentration unit is 29 attached to a gas chromatograph; therefore, the gas chromatographic runtime allows coldhead 30 and sample loop to cool down after thermodesorption and return to T A before preconcentrat-31 ing the next sample. 32
Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 -196, 2016 Manuscript under review for journal Atmos. Meas. Tech. rates (first second of heat pulse) were calculated to be more than 200 °C s -1 depending on the 30 power output setting. As the sample loop is getting warmer, heating rate drops resulting in a 31 mean heating rate of about 80 °C s -1 during stage 1. 32
Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 -196, 2016 Manuscript under review for journal Atmos. Meas. Tech. If a deterministic heater is used instead of a feedback controlled heater, sample loop tempera-1 ture becomes directly dependent on coldhead temperature (more precisely: heat flow from the 2 sample loop into the coldhead). Consequently, higher output settings are necessary at lower 3 coldhead temperatures to achieve comparable temperatures. On the other hand, if the cold-4 head gets warmer, sample loop temperature increases as well. This effect can be observed in 5 Figure 3 as a slight upward drift of the sample loop temperature (red curve, temperature 6 measured within the sample loop) during stage 2. The absolute temperature differences caused 7 by this drift as well as the oscillation amplitude are small (approximately 20 °C min. to max. 8 and 4 °C standard deviation without trend correction) compared to the temperature difference 9 between coldhead and sample loop during heating (about 300 °C). 10
Besides the problem of differing inner and outer temperature of the sample loop during heat-11 ing, temperature was not found to be distributed homogeneously alongside the empty sample 12 loop inside the coldhead. Temperature differences of up to ±30 °C at 200 °C mean tempera-13 ture were observed with the current setup if measuring temperature at different points within 14 the sample loop, potentially due to (a) difficulties in accurately measuring the inner tempera-15 ture (wall contact of sensor) and (b) inhomogeneity in sample loop insulation as well as varia-16 tions in tubing wall width or carbon content leading to an inhomogeneous electrical resistance 17 and thus an inhomogeneous distribution of heat. These temperature variations might be differ-18 ent or ideally negligible in the sample loop packed with adsorptive material. However, the 19 finding underlines the importance of an insulation as homogeneous as possible and suggests 20 that "cold points" (possibility of insufficient desorption) as well as "hot points" (possibility of 21 adsorptive material or analyte decomposition) are possible along the sample loop, which has 22 to be taken into consideration when setting up and testing the preconcentration setup, i.e. to 23 not exceed the temperature limit of the adsorptive material. 24
Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 Discuss., doi:10.5194/amt- -196, 2016 Manuscript under review for journal Atmos. Meas. Tech. see Obersteiner et al. (2016) for details on GC and MS. We consider these results to be valid 6 in principle also for our other GC-MS setup discussed by Hoker et al. (2015) and the GhOST-7 MS described by Sala et al. (2014) as all preconcentration setups rely on the same principal 8 setup and similar components are used. 9
Analytical instrument

10
A Sunpower CryoTel CT free piston Stirling cooler (Ametek Inc., USA) is used for cooling of 11 the coldhead. In the described setup, a water coolant system (Alphacool, Germany) originally 12 intended for cooling of a personal computer's processing units removes heat from the Stirling 13 cooler's heat rejection. Sunpower Stirling coolers are optionally also available with an air-fin 14 heat rejection that requires a continuous air stream during operation. For sample loop heater 15 control, a pulse-width modulation (PWM; 20 ms period, 1 µs minimum width) with a pre-16 scribed output is used (deterministic heater; see section 2.3). Heater operation during desorp-17 tion is separated into a short initial "heat-up" stage with a high output of the PWM and a 18 longer "hold" stage with lower heater output to maintain desorption temperature. The sample 19 loop is packed with adsorptive material over a length of approximately 100 mm (~20 mg). 6.0 is used as carrier gas (Praxair Technologies Inc., German supplier; purification system: 31 Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 Discuss., doi:10.5194/amt- -196, 2016 Manuscript under review for journal Atmos. Meas. Tech. nesium perchlorate kept at 80 °C prior to preconcentration. Artificial additions of analytes to 3 the sample from the dryer were excluded by comparing measurements of dried and undried 4 blank gas. All tubing upstream of the sample loop was heated to >100 °C to avoid substance 5 loss to tubing walls. 6 Figure 4 shows a typical chromatogram from an ambient air sample for three selected 7 mass-to-charge ratios (m/Q). Two different adsorptive materials were used in the course of 8 this work (HayeSep D, Unibeads 1S) which showed partly differing adsorption and desorption 9
properties; results are discussed separately if appropriate. To achieve high measurement pre-10 cision and minimum uncertainties introduced by the preconcentration unit, both the analyte 11 adsorption (preconcentration) and analyte desorption (injection) into the chromatographic 12 system have to be quantitative and repeatable. The following section describes tests and re-13 sults for the characterisation of both aspects. 14
Adsorption
15
The sample loop essentially is a micro packed chromatographic column with a limited surface 16 area where sorption can take place. The low temperature during sample preconcentration 17 shifts the steady state of analyte partitioning between mobile and solid phase mostly to the 18 solid phase. This preconcentration technique "strips" the air of its most abundant constituents; 19 nitrogen, oxygen and argon. Other, less volatile but still very abundant constituents like CO 2 20 are however trapped, depending on adsorption temperature. Elution of such species from the 21 GC column after thermodesorption and injection can cause problems with regard to chroma-22 tography as well as detection, depending on GC configuration and detection technique. With 23 the setup described here, the elution of CO 2 limits the analysable substance range as the detec-24 tor shows saturation during the elution of CO 2 . Regarding preconcentration of targeted ana-25 lytes, the concept of an adsorption-desorption steady state suggests that at a certain point a 26 breakthrough of analytes occurs, depending on a combination of loading of the solid phase 27 with sample molecules and time to achieve steady state, in turn influenced by sample flow 28 rate and pressure. Consequently, the maximum possible sample volume and/or minimum du-29 ration of preconcentration are dependent on the adsorptive material used, volatility (and con- desorption is characterised by sharpness and repeatability of the injection represented by 3 chromatographic peak shape and retention time variance (qualitative aspect; section 3.3.1) as 4 well as the amount of blank residues (quantitative aspect; section 3.3.2). Blank residues 5 ("memory effect") have to be divided into residues that remain on the adsorptive material 6 after desorption ("preconcentration residues" or "preconcentration memory effect") and resi-7 dues that remain in the analytical setup (tubing etc.) upstream of the sample loop, thus had not 8 reached the sample loop ("system residues" or "system memory effect"). 9 by the chromatographic system (in particular there is nearly no refocusing on the chromato-22 graphic column). Table 3 shows retention times and their variability expressed as relative 23 standard deviation and variance as well as the chromatographic signal width (FWHM) of the 24 respective substance. Variances are less than 0.02 s on average. Together with signal width, 25 they decrease reversely proportional to retention time, which shows the increasing influence 26 of chromatographic separation (from HFC-23 to CFC-11 in Table 3 ). Even at incomplete re-27 focusation by gas chromatography, the desorption procedure of the preconcentration unit 28
Peak shape and retention time stability
gives close to Gaussian peak shapes except a slight tailing of the right flank. The tailing effect 29 could potentially be reduced by refocusing the high-volatile analyte fraction on a second sam-30 ple loop. The high repeatability of the injection is shown by the low variability in retention 31 time of the first signals in the chromatogram (Table 3) . 32
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Analyte residues
1 Analyte residues can originate from inherent system contamination or constitute a remainder 2 from the previous sample (memory effect). Analyte residues were investigated with (a) an 3 unloaded injection after multiple 1 L ambient air sample injections, i.e. subsequent thermode-4 sorption of the sample loop without switching to load-position between runs (see Figure 1 ) 5 and (b) the preconcentration of 1 L helium from the carrier gas supply using the same path as 6 the sample, including dryer etc. after multiple 1 L ambient air sample measurements. Analyte 7 residues on the sample loop (sample loop memory) as well as carrier gas contaminations are 8 investigated by (a) while (b) includes analyte residues within the tubing upstream of the sam-9 ple loop, i.e. stream selection, sample dryer etc. (system memory). To get the most complete 10 picture possible, 65 substances were analysed, most of them halo-and hydrocarbons (see sup-11 plementary information for a detailed list) on both a HayeSep D as well as a Unibeads 1S 12 sample loop. Substances with low measurement precision (> 10 %) were excluded from the 13 investigation. 14 In general, most of the detected analyte residues are most probably caused by system contam-15 inations (HFCs from fittings, solenoid valve membranes etc.) or carrier gas contaminations 16 (hydrocarbons) as they show a constant background. In principal, the amount of a residue is 17 dependent on volatility and concentration, so extremely elevated concentrations of low-18 volatile substances might lead to a memory effect that was not detected in the current investi-19 gation with 1 L preconcentration volume of unpolluted ambient air. Detailed results for the 20 two different adsorptive materials tested are discussed in the following.the sample loop which did not represent a system memory but a system contamination, e.g. 23 from the carrier gas, sealing materials etc. as they were always present and did not disappear 24 in subsequent unloaded injections. Respective residues were generally larger with increasing 25 boiling point (e.g. n-propane < benzene). Most of them were hydrocarbons and the halocar-26 bons chloro-and iodomethane (CH 3 Cl, CH 3 I) and chloroethane (C 2 H 5 Cl) as well as HFC-134 27 (CHF 2 CHF 2 ). No further CFCs, HCFCs, PFCs or HFCs were detected in the unloaded sample 28 loop injection (see Obersteiner et al. (2016) for a discussion of detection limits). Of the re-29 maining 52 substances, 36 also did not show any detectable residues in the helium blank. Of 30 the 17 substances that did show residues (contamination and memory effect combined), 7 had 31 residues below 0.5 % of the signal area determined in the preceding ambient air measurement. 32 measurement data can only be as compact as the measurement precision allows, the compact-23 ness of the correlation shown in Figure 8 gives an indication of the high measurement preci-24 sion achieved with the GhOST-MS. The fact that this compact correlation includes a sub-25 stance whose precision is strongly influenced by its thermodesorption shows that the sample 26 preconcentration system on GhOST-MS is able to reproducibly trap and desorb even low boil-27 ing compounds like Halon 1301. 28
GhOST-MS has been deployed during a total of more than 200 flight hours on the HALO 29 aircraft without a single failure of the preconcentration unit. In addition, measurements with 30
GhOST-MS were performed as part of the SHIVA campaign in Borneo, providing a complete 31 bromine budget for the upper tropical troposphere up to about 13 km (Sala et al., 2014) . The 32 preconcentration unit presented here therefore is not only able to provide high precision but is 1 also able to operate reliably under difficult conditions like aircraft operation with varying hu-2 midity and temperatures, including operation during humid and hot conditions in the tropics. 3
Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 Discuss., doi:10.5194/amt- -196, 2016 Manuscript under review for journal Atmos. Meas. Tech. The simplicity of the single-stage design also has a downside; a major problem is the trapping 24 of large amounts of CO 2 and injection into the detection system (see also section 3.2), espe-25 cially when using trapping temperatures below -80 °C. Due to this limitation, the current con-26 figuration is not applicable to highly volatile compounds like CF 4 , C 2 F 6 or C 2 H 6 . Cooling ca-27 pacity should however be sufficient to ensure quantitative trapping of such compounds on a 28 suitable adsorptive material. Therefore, a starting point for future improvement is removal of 29 CO 2 to extend the already large substance range by compounds of higher volatility. Regarding 30 desorption, no blank residues were found for halocarbons that would cause concern or render 31 the setup unsuited for halocarbon analysis (see "Appendix B: Blank Residues"). However, 32
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This prevents high-boiling, non-targeted species from reaching the main-column.
11
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